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Fluid and mineral inclusions in metamorphic rocks allow the understanding of fluid-involved processes in
subduction-zones providing essential contributions to the nature of geochemical processes and element cycling in
present day subduction zones. In this work, we studied ultramafic granulite from the high-pressure (HP) and
high-temperature (HT) metamorphic series of the Cabo Ortegal Complex, Spain, combining quartz-in-garnet and
zircon-in-garnet Raman spectroscopy-based elastic geothermobarometry with Ti-in-quartz trace element ther-
mometry. The studied quartz and zircon inclusions occur within garnet, together with rutile and multiphase fluid
inclusions (MFI). Textural evidence, like occurrence in the same 3D cluster and common intergrowth of mineral
inclusions, shows that both crystal inclusions and MFI were likely entrapped simultaneously. Hence, the appli-
cation of elastic thermobarometry to quartz and zircon inclusions in these rocks provides excellent opportunity to
define P-T environment of entrapment. Results from Raman spectroscopy on multiple quartz and zircon in-
clusions showed that the remnant elastic inclusion pressure (Pjyc) at room conditions for both (on average 0.51
+ 0.04 GPa and 0.72 + 0.05 GPa for the quartz and zircon inclusions, respectively) fall within the range of 2¢
uncertainty confirming the crystallization within the same growth-stage of garnet. Intersection of the entrapment
isomekes is at a P-T of 1.8 + 0.2 GPa and 880 + 70 °C. Electron microprobe measurements on quartz inclusions
from the same garnet zone show uniform Ti concentrations (45-59 ppm). Isopleths calculated from Ti-in-quartz
thermometer intersect the average quartz-in-garnet isomeke within the P-T range indicated by the intersection of
quartz and zircon entrapment isomekes, which is P = 1.8 + 0.2 GPa and T = 860 + 70 °C.

Besides, we made a comparison of different reference materials applied for zircon-in-garnet elastic thermo-
barometry verified by independent Ti-in-quartz trace element thermometry. Our findings indicate that elastic
thermobarometry on mineral inclusions provide a reliable constraint on the entrapment P-T conditions of
coexisting fluid inclusions.

1. Introduction tectonically induced changes in pressure and temperature (Jamtveit

et al., 2016). The accurate characterization of the chemical composition

Metamorphic processes affect the mineralogy, rheology and density
of the Earth's lithosphere and control global geochemical cycles of
numerous elements. They are greatly influenced by interactions be-
tween fluids (in particular aqueous or carbon-bearing fluids) along
tectonically produced shear or fracture zones as metamorphic reactions
are greatly accelerated by the presence of fluids compared to

as well as the pressure and temperature (P-T) of fluid migration events in
a fossil subduction zone yields substantial contribution to understand
the nature and timing of fluid processes in present-day subduction
zones. One of the best candidates for direct records or remnants of
subduction fluid events are inclusions trapped in minerals of (ultra)high
pressure — (ultra)high temperature (UHP-UHT) metamorphic rocks. This
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type of fluid inclusions can be highly variable in chemical composition
and room temperature phase assemblage, for instance, solute-bearing
aqueous-carbonic fluid inclusions (e.g., Hermann et al., 2006; Scam-
belluri and Philippot, 2001), multiphase solid or fluid inclusions (e.g.,
Carvalho et al., 2020; Frezzotti and Ferrando, 2015; Hermann et al.,
2013; Maffeis et al., 2021; Spranitz et al., 2022), or glassy to crystallized
melt inclusions (e.g., Bartoli and Cesare, 2020; Cesare et al., 2015;
Ferrero and Angel, 2018).

Multiphase solid and fluid inclusions found in (U)HP-(U)HT rocks
have commonly experienced post-entrapment modifications, such as re-
equilibration including fluid/host mineral interaction accompanied by
partial fluid loss via long-term exhumation processes (Bodnar, 2003;
Carvalho et al., 2020; Frezzotti and Ferrando, 2015; Maffeis et al., 2021;
Spranitz et al., 2022). Mapping such inclusions, using 2D or 3D imaging
with Raman spectroscopy and Focused Ion Beam Scanning Electron
Microscopy (FIB-SEM), provides the possibility to describe the post-
entrapment modifications, additionally to estimate initial composition
of the fluid (Carvalho et al., 2020; Maffeis et al., 2021; Spranitz et al.,
2022). There is, however, no direct record for the successful re-
homogenization of such inclusions, which could offer a direct way to
obtain entrapment P-T conditions.

In this paper, we discuss the entrapment P-T conditions of garnet-
hosted multiphase fluid inclusions (MFI) in a granulite from the Cabo
Ortegal Complex (NW-Spain) using elastic and chemical properties of
mineral inclusions co-entrapped with MFI. Mineral inclusions are
ubiquitous in metamorphic rocks over wide range of P-T conditions and
may develop residual pressure within the host mineral upon exhumation
(Alvaro et al., 2020; Mazzucchelli et al., 2018; Kohn et al., 2023). Ac-
cording to differences in thermodynamic properties between host and
inclusion, some host-inclusion systems are good barometers (e.g.,
quartz-in-garnet) whereas others (e.g., zircon-in-garnet) are good ther-
mometers (Gilio et al., 2022). Thus, the coexistence of these phases
within a single host allows the corresponding isomekes (the line of
possible entrapment) to intersect and define a unique point of entrap-
ment in P-T space (Gilio et al., 2022). In this contribution, we provide an
application of quartz-in-garnet and zircon-in-garnet elastic Raman
thermobarometry supported by Ti-in-quartz trace element thermom-
etry. This indirect approach can serve as a promising way to estimate
fluid entrapment conditions for those (U)HP-(U)HT inclusions that
cannot be conventionally re-homogenized.

2. Geology and sampling

The Cabo Ortegal Complex of the Iberian Massif is an assemblage of
high-pressure and high-temperature (HP-HT) metamorphic units inter-
preted as fragments of continental and oceanic lithosphere, formerly
being involved in a Devonian subduction-exhumation cycle (Abalos
et al., 2003; Puelles et al., 2005). The studied area is a remnant of a fossil
subduction zone (Abalos et al., 2003) and it mainly consists of eclogites,
granulites, peridotites and pyroxenites, ortho- and paragneisses and
metagabbros (Gil Ibarguchi et al., 1990; Puelles et al., 2005). These units
show geological characteristics of different origins in oceanic, arc or
continental settings. They share a common high-grade tectonometa-
morphic evolution in a subduction-zone, recording a metamorphic peak
between 380 and 395 Ma (Abalos et al., 2003). Peak metamorphic
conditions for the main units have been determined as follows: eclogite
(1.8-2.2 GPa, 700-800 °C), granulite (1.4-1.8 GPa, 740-835 °C), peri-
dotites and pyroxenites (1.6-1.8 GPa, 780-800 °C), gneiss (ca. 1.5 GPa,
700 °C) (Abalos et al., 2003; Gil Ibarguchi et al., 1990; Puelles et al.,
2005; Tilhac et al., 2017).

The HP granulite-facies ensemble, known as the Bacariza Formation,
is a heterogeneous lithostratigraphic unit in the Cabo Ortegal Complex
dominated by garnet- and plagioclase-rich lithotypes, including granu-
litic orthogneisses, ultramafic, Mg-rich mafic, intermediate and common
mafic granulites, but the protolith of each subtype of granulite is still not
fully constrained (Galan and Marcos, 1997, 2000; Gil Ibarguchi et al.,
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1990; Puelles et al., 2005). Plagioclase-poor mafic-ultramafic granulites,
termed as pyrigarnites by Vogel (1967), the subject of this work, are
defined as rocks having commonly a compositional banding that may
evolve into nearly monomineralic domains consisting of almost exclu-
sively garnet, alternating with others rich in clinopyroxene or into
bimineralic garnet- and clinopyroxene-rich domains (Puelles et al.,
2005). Therefore, strictly based on modal compositions, some of them
could be considered as garnet pyroxenites, however all HP granulites
have undergone metamorphism under fairly the same P-T conditions
(Puelles et al., 2005). Garnet pyroxenite also occur as dykes in the Cabo
Ortegal Complex within the pyroxenite unit (structurally clearly distinct
from granulites), however they correspond to magmatic origin by the
injection of mafic melts during peak metamorphic conditions (Santos
et al., 2002; Tilhac et al., 2017). Previous studies indicate an indepen-
dent origin and distinct protolith of granulites and eclogites, thus the HP
granulite metamorphism is considered as part of a single cycle in a
subduction conduit setting and precluding interpretation supporting the
origin of granulites after eclogites (Puelles et al., 2005). All of this made
reasonable to apply the conventionally used terminology (i.e., ultra-
mafic granulite) for the studied rock.

The studied ultramafic granulites are composed mainly of garnet and
clinopyroxene with minor amounts of plagioclase and rutile (Galan and
Marcos, 1997; Puelles et al., 2005). Garnet, showing weak normal
zoning within the compositional range of
Almgg 55Grs17_32Prpis_s4Ands 13Sps;_4, often exhibits a concentric
arrangement of inclusions due to growth stages (Beranoaguirre et al.,
20205 Puelles et al., 2005), i.e., core and inner zones contain primary
MFI along with abundant crystal inclusions such as quartz, rutile and
zircon (Spranitz et al., 2022). These MFI, built up by step-daughter
minerals (Fe-Ca-Mg-carbonates, pyrophyllite, quartz, corundum =+
graphite) together with a residual fluid phase of CO3 + Ny + CHy4 are
products of post-entrapment reactions of an originally homogeneous
COHN fluid with the garnet host (Spranitz et al., 2022). This fluid was
dominated by H,0 and CO, with no sign of trapped melt phase, after-
wards involved in fluid-host reactions with the garnet (Spranitz et al.,
2022). Calculations suggested that the original fluid was trapped likely
around peak conditions (ca. 1.8 GPa and 800 °C). Despite a detailed
characterization of post-entrapment history of these inclusions, only
little information is available about their HP-HT formation conditions.
Microthermometry on these MFI, using a heating stage with no pressure
medium, failed due to either poor visibility and/or decrepitation before
homogenization.

The studied granulite sample derives from one of the major outcrops
of the Bacariza Formation (Fig. 1), from the same location (N43° 42.722’
W7° 58.330) described in Spranitz et al. (2022) as COC17-079a, as well
as previously by Galan and Marcos (1997) as AMP-450.

3. Analytical methods

Petrographic observations (Fig. 2) were done using a Nikon Opti-
Phot2 optical microscope equipped with a Nikon CooplPix DS-Fil
camera in the Lithosphere Fluid Research Lab, Eotvos University,
Budapest. Micro-Raman spectroscopic analysis was carried out using a
HORIBA JobinYvon Labram HR (high resolution) 800 spectrometer with
Nd-YAG laser (A = 532 nm) excitation at the Research and Industrial
Relations Center of the Faculty of Science, Eotvos University, Budapest.
The analytical settings included 50-100 pm confocal hole, 60-150 s
acquisition time, 3x accumulations, 100x objective and application of
different filters to avoid sample overheating during the Raman mea-
surements (Zhong et al., 2019). Spectral resolution of the measurements
was ~0.7 em ! with the applied grating of 1800 grooves/mm based on
the full width at half maximum (FWHM) value of the emission band of a
Ne lamp at 540.06 nm. Instrumental precision was about 0.37 cm™},
which refers to the half of the spectral pixel-to-pixel distance resulting
from several instrumental factors, thus this value is applied as the un-
certainty of Raman measurement as used by Campomenosi et al. (2020)
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Fig. 1. Photomicrographs showing characteristic petrographic features of the studied granulite. (a) Textural feature of the rock-forming minerals, indicating modal
garnet-dominance, (b) Garnet showing an inclusion-rich core (multiphase fluid inclusions (MFI) and crystal inclusions such quartz, rutile and zircon), (c) Higher
magnification image of the inclusion-rich zone of garnet including abundant MFI, quartz, zircon and rutile crystal inclusions, (d) Close-up image of primary MFI with
negative crystal shape, formed by multiple solid and fluid phases, (e) Back-scattered electron image of quartz and rutile inclusion intergrowth within the same
growth-zone of garnet. Abbreviations: garnet (Grt), quartz (Qz), rutile (Rt), zircon (Zrn), clinopyroxene (Cpx), plagioclase (P1), amphibole (Amph), multiphase fluid

inclusions (MFI).

(a) quartz (k) zircon
garnet 5pm ~garnet 5 ym

Fig. 2. Representative photomicrographs (using transmitted light) of the
selected, garnet-hosted quartz (a) and zircon (b) crystal inclusions from the
studied granulite of the Cabo Ortegal Complex.

and Gilio et al. (2021, 2022). Data were collected in the spectral range of
100-1100 cm L. Reference crystals with the same acquisition settings
and emission bands of the Ne lamp were measured several times (after
every second inclusion) during each measurement session for precise
wavenumber calibration and to have control on band position shifting
due to daily instrumental stability. Free crystals were used as references
to define Raman shift of the inclusions, such as a free-standing (un-
strained) quartz crystal removed from the studied rock and two different
zircon crystals. Two measurement sessions were carried out on the same
zircon inclusions using different reference crystals, both fitting the
criteria established by Campomenosi et al., 2020. In the first session
(referred to be as synthetic zircon reference in Table S2) the zircon
reference was a pure (undoped), flux-grown synthetic zircon crystal
synthetized with the method described by Hanchar et al. (2001). In the
second session (referred to be as a natural zircon reference in Table S2),

a reference zircon from Ratanakiri, Cambodia was used. This zircon is
known to be highly ordered with no noticeable amounts of radiation
damage and low Hf content (<0.7 wt%) (Nasdala et al., 2018; Zeug
et al., 2018). Raman shifts near 128, 206, 263 and 464 em ! of quartz
and near 201, 213, 224, 356, 438, 975 and 1009 em™! of zircon were
measured to determine inclusion strain using the stRAinMAN software
(Angel et al., 2019). Following the guidelines of Angel et al. (2019), the
concept of phonon-mode Griineisen tensor was applied to obtain full
strain state of the inclusions and providing less uncertainty than calcu-
lating directly from single-mode shifts with the assumption of hydro-
static stress in the inclusions (Gilio et al., 2022). We selected for elastic
geothermobarometry only the zircons with FWHM at the shift near
1009 < 5cm™! (Campomenosi et al. (2020). In agreement with Bonazzi
et al. (2019), Campomenosi et al. (2018) and Mazzucchelli et al. (2018),
Raman spectra were acquired from the center of the inclusions to avoid
inclusion shape effects. Raman spectra were processed using the soft-
ware OriginPro 2018. Raman spectra were baseline-corrected for their
luminescence background, temperature-reduced to account for the Bose-
Einstein occupation factor (Kuzmany, 2009) and normalized to the
acquisition time. Peak positions, full-widths at half maximum (FWHMs)
and integrated intensities were determined from fits with pseudo-Voigt
functions.

Residual strain was calculated using Raman shift of band positions
near 128, 206, 263 and 464 cm ™! for quartz and near 438, 975 and 1009
em ™! for zircon inclusions compared to the same ones of reference
crystals (Fig. 3). We selected these three modes as they are the internal
modes corresponding to Si—O bending, symmetric and antisymmetric
stretching of zircon, respectively and discarded the external modes to
minimize compositional effects such as high Hf content (Campomenosi
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Fig. 3. Representative Raman spectra showing the differences in the band positions of characteristic Raman modes of the reference crystals and the studied quartz
(left) and zircon (right) inclusion preserving residual strain. This figure shows the Raman band positions of zircon inclusions in comparison to natural (Ratanakiri)
zircon crystal as applied for further calculations. The Raman bands of the host garnet at 356 cm™ ! and 911 cm ™! are marked with asteriks.

et al.,, 2020). Residual pressure of quartz and zircon inclusions was
calculated using their Griineisen tensors (Murri et al., 2018; Stangarone
et al., 2019) with the software EntraPT (https://www.mineralogylab.
com/software/entrapt/; Mazzucchelli et al., 2021) from the residual
strain. Residual strain was converted to residual stress using the avail-
able elastic tensors (Wang et al. (2015) and Ozkan et al. (1974) for
quartz and zircon, respectively). The inclusion pressure was calculated
for each inclusion as mean normal stress ((61 + 62 + 63)/3). To calculate
P-T conditions of entrapment, we applied the approach of isotropic — full
strain — approximation (Angel et al., 2014) as the uncertainties of strain
measured with Raman spectroscopy are too large to apply the aniso-
tropic approach (Alvaro et al., 2020; Gilio et al., 2021, 2022).

The chemical compositions of quartz, garnet and zircon were
analyzed using a CAMECA-SX100 wavelength-dispersive electron
microprobe in State Geological Institute of Dionyz Stir, Bratislava,
Slovakia. Accelerating voltage of 15 kV was applied to all mineral
phases. Measurement of titanium in quartz inclusions used for Ti-in-
quartz thermometry requires applying highly stable measurement con-
ditions and specialized analytical procedure involving 180 nA beam
current for Ti and long measurement time for counting on the Ti lasting
in total ca. 12 min. Counting time on peak and two backgrounds was 240
and 200 s, respectively. Contents of Al in quartz inclusions were
measured using also 180 nA beam current and Si were measured with
20 nA beam current. All quartz inclusions were measured with 10 pm
beam diameter. The following analytical conditions were applied for
garnet: 4 ym beam diameter, 20 nA beam current and 15 kV accelerating
voltage, each measurement lasting for 3 mins. Zircon inclusions were
measured using 15 kV accelerating voltage, 20 nA beam current with 5
pm beam diameter, each measurement lasting for 15 mins. Further de-
tails on analytical conditons, such as standards, crystals, lines and
detection limits are included in Supplementary material 1.

3.1. Rock and inclusion petrography

The studied ultramafic granulite has moderately sheared grano-
blastic texture dominated by euhedral garnet (up to 1 mm in diameter)
and anhedral clinopyroxene together with minor amounts of plagio-
clase, rutile and quartz (Fig. 1). As a common retrograde microstructure
(Puelles et al., 2005), secondary clinopyroxene and plagioclase, forming
fine-grained symplectitic aggregates, are also frequent. Garnet has a core

rich in quartz, zircon and rutile inclusions occurring together with pri-
mary MFI in the same growth zone of garnet (Fig. 1). These mineral
inclusions commonly occur intergrown with each other, supporting
simultaneous entrapment. Quartz inclusions range in size from 5 up to
150 pm and characterized mostly by euhedral shape, whereas zircon
occurs as 5-80 pm spherical-elongated crystals (Fig. 2). Measured quartz
inclusions (n = 14) have radii of 2 to 10 pm with an average of 5 pm,
whereas the radii of zircons (n = 7), ranged between 3 and 12 pm
averaged with 5 pm (for more details of selection criteria, see Supple-
mentary material 1 and Fig. S1).

3.2. Major and trace element analyses

Electron probe micro-analyses (EPMA) was applied to measure
major, minor elements in the host garnet, and minor to trace elements in
exposed quartz and zircon inclusions (Table 1 and S1). All garnet cor-
responds to almandine-rich composition (Almyy.50Grsg.
25Prpas_o7Andg oSps;_2) and may show weak normal zoning with a
slight increase of Fe and Mg and decrease of Ca from core to rim, which
is consistent with previous results of Puelles et al. (2005) (Table S1,
Fig. S2). Measurement of Ti concentration in 25 quartz inclusions,
exposed on the sample surface in the studied growth zone of garnet, was
carried out to perform Ti-in-quartz geothermometry. These analyses
were done on inclusions of a diameter at least 10 pm, not intimately
intergrown or close to neighboring rutile or zircon inclusions to avoid
possible “contamination” of other inclusions and the host garnet. Zircon
inclusions contain low amounts of Hf and U, making them eligible for
calculations using elastic thermobarometry (Campomenosi et al., 2020;
Nasdala et al., 2002). Concentration of Hf and U varies in the range
between 1.04 and 1.35 wt%, and maximum 0.19 wt%, respectively. In
average, most of U content falls at or below detection limit that is 690
ppm (20) (Table S1).

4. Results
4.1. Elastic Raman thermobarometry of quartz and zircon inclusions
The results of Raman measurements on quartz and zircon inclusions,

as well as the reference crystals are shown on Figs. 3-4 and summarized
in Table S2. The average of Py for quartz inclusions is 0.51 + 0.04 GPa.
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Table 1
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Ti concentration (ppm) in quartz inclusions and temperature estimates using calibration method of Thomas et al. (2010). Uncertainty propagation of temperature

estimates was calculated using the method of Taylor (1997).

Analyses TiOy Ti det limit 26 Thomas et al. (2010)
(wi%) — (ppm)  (ppm) (ppm) Mole Uncertainty 5 10 15 20 25 2
fraction kbar kbar kbar kbar kbar
COC17-079a_Ti in qtz 0.0084 50 10 9 6.27964E-05  1.13039E- 580 680 790 900 1000 30
term_anl-1 05
COC17-079a_Ti in qtz 0.0098 59 10 9 7.4099E-05 1.13039E- 590 700 810 920 1020 30
term_an2-1 05
COC17-079a_Ti in qtz 0.0084 50 10 9 6.27964E-05  1.13039E- 580 680 790 900 1000 30
term_an3-1 05
COC17-079a_Ti in qtz 0.0093 56 10 9 7.03315E-05  1.13039E- 590 690 800 910 1020 30
term_an4-1 05
COC17-079a_Ti in qtz 0.0093 56 10 9 7.03315E-05 1.13039E- 590 690 800 910 1020 30
term_an5-1 05
COC17-079a_Ti in qtz 0.0096 58 10 9 7.28431E-05  1.13039E- 590 700 810 910 1020 30
term_an5-2 05
COC17-079a_Ti in qtz 0.0097 58 10 9 7.28431E-05 1.13039E- 590 700 810 910 1020 30
term_an5-3 05
COC17-079a_Ti in qtz 0.0088 53 10 9 6.6564E-05 1.13039E- 580 690 800 900 1010 30
term_an6-1 05
COC17-079a_Ti in qtz 0.0096 58 10 9 7.28431E-05  1.13039E- 590 700 810 910 1020 30
term_an7-1 05
COC17-079a_Ti in qtz 0.0091 55 10 9 6.90756E-05  1.13039E- 580 690 800 910 1010 30
term_an8-1 05
COC17-079a_Ti in qtz 0.0086 52 10 9 6.53081E-05  1.13039E- 580 690 790 900 1010 30
term_an9-1 05
COC17-079a_Ti in qtz 0.0088 53 10 9 6.6564E-05 1.13039E- 580 690 800 900 1010 30
term_an10-1 05
COC17-079a_Ti in qtz 0.0081 48 10 9 6.02847E-05  1.13039E- 570 680 780 890 1000 30
term_an10-2 05
COC17-079a_Ti in qtz 0.0079 47 10 9 5.90289E-05  1.13039E- 570 680 780 890 990 30
term_anl1-1 05
COC17-079a_Ti in qtz 0.0091 55 10 9 6.90756E-05 1.13039E- 580 690 800 910 1010 30
term_anl12-1 05
COC17-079a_Ti in qtz 0.0084 50 10 9 6.27964E-05  1.13039E- 580 680 790 900 1000 30
term_anl13-1 05
COC17-079a_Ti in qtz 0.0085 51 10 9 6.40523E-05  1.13039E- 580 680 790 900 1000 30
term_an14-2 05
COC17-079a_Ti in qtz 0.0074 45 10 9 5.65171E-05  1.13039E- 570 670 780 880 990 30
term_anl14-3 05
COC17-079a_Ti in qtz 0.0089 53 10 9 6.6564E-05 1.13039E- 580 690 800 900 1010 30
term_anl15-1 05
COC17-079a_Ti in qtz 0.0078 47 10 9 5.90289E-05 1.13039E- 570 680 780 890 990 30
term_an15-2 05
COC17-079a_Ti in qtz 0.0094 57 10 9 7.15873E-05  1.13039E- 590 700 800 910 1020 30
term_an19-1 05
COC17-079a_Ti in qtz 0.0091 54 10 9 6.78198E-05 1.13039E- 580 690 800 900 1010 30
term_an20-1 05
COC17-079a_Ti in qtz 0.0096 58 10 9 7.28431E-05  1.13039E- 590 700 810 910 1020 30
term_an21-1 05
COC17-079a_Ti in qtz 0.0087 52 10 9 6.53081E-05  1.13039E- 580 690 790 900 1010 30
term_an22-1 05
COC17-079a_Ti in qtz 0.0076 46 10 9 5.7773E-05 1.13039E- 570 670 780 890 990 30
term_an23-1 05
average 0.0085 53 580 690 800 900 1010 30

Residual strain for zircon was calculated in two measurement sessions
on the same set of inclusions using different reference material (syn-
thetic and natural zircon crystal, for details see Methods). Raman spectra
of these two crystals (Table S2) indicate negligible effect of radiation
damage, i.e., position and FWHM of the Raman band near 1009 cm*
(Campomenosi et al., 2020; Zhong et al., 2019). Even though, they show
systematic and notable shift in the position of all Raman bands relative
to each other, such as a shift of ~1 cm ™! for the band near 1009 cm ™ (i.
e., 1007.5 cm ™ for the synthetic and 1008.5 cm ™ for the natural zircon
crystal, Table S2). Such discrepancy of the reference crystals results in
different shifts for each Raman mode for the same inclusions, and thus
different values for Pjy, i.e. 0.84 £+ 0.05 GPa, using the synthetic, and
0.72 £ 0.05 GPa, using the natural reference crystal (Table S2).

The Py, of quartz and zircon are consistent within their 2¢ uncer-
tainty (Fig. 4, Table S2), thus their average can be used to calculate an
isomeke representative for their entrapment (Gilio et al., 2022).

Isomekes for the garnet end-members (almandine, grossular, and py-
rope) were calculated with software EntraPT using the newly formulated
EoS by Angel et al. (2022). Starting from the end-member isomeke, we
calculated an isomeke for quartz and for zircon to account for the garnet
composition (Almg 51Prpg.26Grsp 23) following the procedure described
in Angel et al. (2022).

4.2. Independent constraint on entrapment temperature: Ti-in-quartz
thermometry

According to EPMA analysis, concentration of Ti in quartz ranges
between 45 and 59 ppm with an average of 53 ppm (Table 1). Occur-
rence within the same growth zone of garnet and common intergrowth
with rutile inclusions indicate Ti-saturation during quartz crystalliza-
tion, therefore TiO, activity can be considered equal to 1 (i.e. orutile Tio2

=1).
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Fig. 4. Residual pressure (Pj,.) measured in individual quartz (blue squares)
and zircon (red squares) inclusions in garnet from granulite of the Cabo Ortegal
Complex. Lines with transparent bars represent the average and uncertainty of
the Py, for quartz (blue) and zircon (red) inclusions, respectively (Table S2).
Note that Pj,, calculated from residual strain, corresponds to the inclusion
pressure at room conditions. It was used to back-calculate the entrapment
isomekes, applied as thermobarometers (sub-horizontal line for quartz and high
angle for zircon), using thermodynamic properties of the host and the inclusions
(Angel et al., 2014, 2017). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Crystallization temperature was estimated using Ti-in-quartz solu-
bility model of Thomas et al. (2010), as calculation of Ti-in-quartz iso-
pleths using this calibration, has good control on the dependence of
pressure. Calculation of Ti-in-quartz concentrations showed an average
crystallization temperature of 580 + 30 °C at 0.5 GPa, 690 + 30 °C at
1.0 GPa, 800 + 30 °C at 1.5 GPa and 900 + 30 °C at 2.0 GPa (Table 1,
Fig. 5.).

5. Discussion

Inclusion petrography of the studied granulite clearly suggests that
mineral inclusions such as quartz, rutile and zircon trapped coevally
with MFI, during the same growth-stage of host garnet (Fig. 1). Applying
thermobarometry on these mineral inclusions provide excellent oppor-
tunity to calculate not only entrapment P-T condition of both crystal
inclusions, but also the coexisting COHN subduction fluid (Spranitz
et al., 2022). In general, the estimation of P-T conditions of fluid events
of the metamorphic rock is challenging as MFI cannot be homogenized
and quenched like the (U)HT melt-rich inclusions using a pressure me-
dium, i.e., the piston cylinder apparatus (e.g., nanogranitoids, Bartoli
and Cesare, 2020). This is because COHN fluid will not form a glass
phase by rapid cooling followed by homogenization. Moreover, HyO is
likely partially lost from MFI after entrapment (Spranitz et al., 2022),
thus a homogenization experiment would not be representative of the
initial fluid. P-T estimations from independent material, like the
coevally entrapped mineral inclusions, offers a fine tool to overcome the
abovementioned obstacles. Our approach was, therefore, to combine
quartz-in-garnet and zircon-in-garnet elastic geothermobarometry with
Ti-in-quartz thermometry to 1) test and verify the applicability of elastic
thermobarometry on our sample, and 2) combine the results with the
previous thermodynamic calculations and available P-T data of the
studied rock.

5.1. Reequilibration at peak metamorphic conditions?

The effect of chemical and mechanical reset due to diffusion and non-
elastic relaxation should be considered when interpreting any kind of
geothermobarometry on granulites (e.g., Frost and Chacko, 1989; Spear
and Florence, 1992; Zhong et al., 2018, 2020). Even if such effects
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cannot be fully neglected on the studied materials, both petrographic
observations and the results in light of the exhumation history of the
area (Abalos et al., 2003; O'Brien and Rotzler, 2003), rather support the
idea that the studied inclusions have preserved both chemical and elastic
data characteristic of their entrapment.

Even though Ti diffusion in quartz is expected to be very fast at HT
conditions, limited information is available about whether equilibrium
between garnet and the enclosed quartz inclusion could be achieved as
Ti diffusion in garnet is infinitely slow (Spear et al., 2012). Quartz may
also keep Ti concentration acquired during prograde path in garnet
without evident sign of resetting (Gonzalez et al., 2019; Jeanneret et al.,
2022; Johnson et al., 2021; Spear et al., 2023). This is supported by the
fact that neither variations of Ti concentration within quartz, nor
anomalous Ti concentrations were observed adjacent to the inclusions in
the host garnet. Thus, no reset at peak metamorphic conditions is rather
suggested.

Our results on chemical zoning pattern of garnet, containing abun-
dant fluid and mineral inclusions in the core, agree with previous studies
of Puelles et al. (2005), showing weak prograde zoning with a slight
increase of Fe and Mg and decrease of Ca from core to rim. It also in-
dicates non-reequilibrated garnet chemistry. Preservation of mineral
compositions from peak conditions and even prograde path is charac-
teristic for Variscan high-pressure granulites as they experienced fast
cooling during rapid exhumation (O'Brien and Rotzler, 2003). In these
cases, pre-peak garnet compositions might also be preserved and not
homogenized at peak conditions as it is generally presumed for granulite
facies garnets (Cooke, 2000; O'Brien, 2001; O'Brien and Rotzler, 2003).
Such evolution corresponds well with data on rapid cooling and exhu-
mation of the Cabo Ortegal Complex (Abalos et al., 1996, 2003; Galan
and Marcos, 2000; Ordonez Casado et al., 2001 and Puelles et al., 2005).

Non-elastic reset of zircon inclusions may also depend on the P-T
path followed by the rock after entrapment rather than the absolute
temperature only (Campomenosi et al., 2022). They showed that, if the
exhumation path is ‘shallower’ than the entrapment isomeke, zircon
inclusions remain in the compressional domain enhancing the preser-
vation of original residual pressure. In other words, if steepness of
entrapment isomeke of the zircon-in-garnet is flatter than that of the
exhumation path, as highly likely for the studied rock (Fig. 5), the
calculated Pj,. record true entrapment conditions, similarly as evi-
denced by Gilio et al. (2022). Such post-entrapment evolution of the
inclusions correspond with the available data for cooling rate of the
studied rocks as peak metamorphic conditions were followed by rapid
cooling and exhumation with minimum rates of ca. 90 °C/Ma and ca.
5.8 km/Ma (Ordonez Casado et al., 2001).

Fluid inclusions trapped along the prograde metamorphic path, (i.e.,
prior to peak conditions) become internally overpressurized and would
suffer high strain before reaching maximum P-T conditions (Sterner and
Bodnar, 1989). Such inclusions are characterized by fractures starting
from the corners and haloes of secondary inclusions surrounding the
original inclusion (Bodnar, 2003). This texture is absent from the stud-
ied sample and the primary MFI are intact indicating that they have not
likely experienced significant overpressure after entrapment, making it
possible to survive and preserve such intact shape as shown on Fig. 1d.
In other words, fluid inclusion petrography supports entrapment near
peak P-T conditions (Fig. 5) with no traces of reequilibration.

5.2. Application of elastic thermobarometry coupled with trace element
thermometry

In this study, the isotropic approximation method (Angel et al.,
2014) was applied to calculate the lines of possible entrapment in P-T
space, i.e., isomekes from residual strain measured in multiple in-
clusions in garnet. Intersection of zircon-in-garnet and quartz-in-garnet
entrapment isomekes, calculated from the corresponding average Pinc,
provides a single point of entrapment (Fig. 4, Table S2). This approach
(the isotropic approximation) has been proposed as the most reliable
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method to estimate entrapment conditions in quartz-garnet and zircon-
garnet inclusion-host systems if calculating with negligible effects of
plastic or viscous deformation of inclusions (Angel et al., 2017; Gilio
et al., 2021, 2022; Mazzucchelli et al., 2021).

Besides chemical and elastic reset from entrapment to peak T,
various processes, like shape maturation, viscous creep or plastic flow
during decompression may lead to a pressure drop and reset of strain in
quartz inclusions trapped during the prograde-to-peak metamorphic
path, thus an underestimation of residual pressures (Cesare et al., 2021;
Zhong et al., 2020).

Our results, however, indicate that the selected quartz inclusions
preserve highly similar residual pressure based on the narrow range of
Pinc values (Fig. 4, Table S2), which would imply simultaneous entrap-
ment without the evidence of partial reset during retrograde meta-
morphic path. Moreover, the calculated average quartz isomeke
intersects the P-T path near peak metamorphic conditions (cc. 1.6 GPa,
Fig. 5, Puelles et al., 2005). This suggests that the studied quartz in-
clusions have experienced no or only minor post-entrapment reequili-
bration during the retrograde path. This is also supported by the
observation that bigger, irregular-shaped quartz inclusions with
cuspate-like necks showed significantly smaller (i.e., a difference of 3-4
cm ! in the Raman band near 206 cm ™ 1) difference in Raman shifts from
the reference crystal than the studied inclusions. Detailed character-
ization of these latter inclusion types, likely experienced reequilibration
during exhumation is out of the scope of this paper.

Plastic relaxation and a reset of the original entrapment pressure of
zircon may be related to the P-T path of the rock after inclusion
entrapment (post-entrapment heating and/or decompression; Campo-
menosi et al., 2022) that is unlikely considering the exhumation path of
the Cabo Ortegal Complex (see above in section 6.1). Residual pressure
of zircon inclusions was calculated using two different pure reference
crystals characterized by slightly different Raman band positions
(Table S2). This resulted in significantly different Py, values for the
same set of inclusions that is an average of 0.12 GPa, which corresponds
to almost a 200 °C difference using the equation of state of almandine
(Table S2). The Pj,. obtained by calculating with the synthetic zircon
crystal, however, shows unrealistically high values (0.84 + 0.05 GPa),
which would imply entrapment conditions of min. ca. 900 °C at 1.6 GPa
calculating with a pure pyrope endmember host (Gilio et al., 2021). Note
that garnet composition has an important effect on the predicted
entrapment temperature in case of zircon inclusions, caused by distinct
thermal expansion coefficient of the endmembers, such as a difference of
ca. 200 °C at 1 GPa for pure almandine or pure pyrope endmembers
(Angel et al., 2022). Considering the measured average garnet compo-
sition (Almg 51Prpg.26Grsp.23), this would account for entrapment tem-
peratures higher than ca. 1000 °C. Consequently, in the followings, we
discuss only the results of calculations using the natural zircon reference
crystal. The intersection of zircon-in-garnet isomeke using the natural
reference material with the quartz-in-garnet isomeke is at P-T of 1.8 +
0.2 GPa and 880 =+ 70 °C.
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Previous studies showed that not only the degree of metamictisation,
but also the incorporation of non-formula elements in the zircon crystal
structure might modify the zircon Raman spectrum (Hoskin and Rodg-
ers, 1996). Zircon, containing 1.63 wt% Hf and 0.6 wt% U, show only a
minor deviation in Raman band positions from a pure crystal that is <1
em ! (Nasdala et al., 2002). Therefore, our results on EPMA measure-
ments of exposed zircon inclusions imply negligible effects of minor
elements on zircon Raman shifts as they contain 1.04-1.35 wt% Hf, and
up to 0.19 wt% U (Table S1).

Inclusion entrapment P-T conditions are additionally constrained by
the crossing point of quartz-in-garnet isomekes and Ti-in-quartz isoplets,
which serve as an independent thermometer to validate zircon-in-garnet
elastic thermometry. The application of Ti-in-quartz geothermometer is
a common method used to obtain P-T estimates of crystallization as
quartz occurs in most crustal rocks over a wide range of P-T conditions
(e.g., Thomas et al., 2010; Tual et al., 2018). Recently, it has been suc-
cessfully applied not only on matrix quartz, but on inclusions trapped in
garnet (Gonzalez et al., 2019). The intersection point of the average Ti
concentration isopleth and average quartz-in-garnet isomeke is inter-
preted to represent P-T conditions of garnet growth and quartz inclusion
entrapment, i.e., at P=1.8 +£ 0.2 GPaand T = 860 + 70 °C (Fig. 5). This
P-T range shows a striking overlap of the one provided by the inter-
section of quartz-in-garnet and zircon-in-garnet isomekes (Fig. 5). Such
independent constraint confirms that calculations of zircon-in-garnet
thermometry, using the Ratanakiri zircon as a natural reference crys-
tal, provide reliable results on entrapment temperature.

5.3. Subduction fluid event during granulite facies metamorphism

Based on complementary elastic and trace element thermobarom-
etry, the studied mineral inclusions have been trapped at the P-T range
of 1.8 £+ 0.2 GPa and ca. 870 + 70 °C (Fig. 5). The obtained entrapment
conditions show good agreement with peak metamorphic conditions
estimated for the studied granulite, especially in terms of pressure
(Puelles et al., 2005, Fig. 5). Our results show slightly higher (i.e., on
average 870 + 70 °C) temperature than reported for the granulite by
Puelles et al. (2005) (790 + 50 °C, Fig. 5), although considering the
error of the estimations, the temperature ranges show significant over-
lap. However, the temperature range obtained here extends to slightly
higher temperatures, therefore our results might indicate that high-
pressure granulite facies conditions could have reached higher temper-
atures with even ca. 80 °C than estimated previously.

Granulite facies peak metamorphism is commonly accompanied by
the presence of melt phase, as these conditions are commonly positioned
above the solidus of the bulk rock on the P-T space. Melting is also
evidenced by the presence of melt inclusions in high-grade rocks, such as
migmatites, granulites and anatectic enclaves (Cesare et al., 2015).
Nevertheless, neither nanogranitoid inclusions (i.e, anatectic melt
enclosed in peritectic minerals) nor any petrographic evidence of partial
melting was observed in the studied rock, which is anyway fundamen-
tally rare for (ultra)mafic HP granulites (Ferrero et al., 2018). This was
confirmed by preceding thermodynamic modelling that a homogeneous
COHN fluid should have been in equilibrium with the host garnet at HP-
HT conditions (Spranitz et al., 2022). Therefore, P-T curve of the solidus
of the studied ultramafic granulite can be considered as the upper limit
of fluid phase entrapment for our case, which can be placed at ca. 910 °C
at 1.8 GPa based on results on thermodynamic modelling of ultramafic
granulite with highly similar modal and bulk composition to the studied
one (see sample AMP-450 in Galan and Marcos, 1997 and Ferrero et al.,
2018).

The originally trapped fluid indicates COy dominance with minor
H,0 (Spranitz et al., 2022), which is in agreement with fluid composi-
tions recorded during granulite facies metamorphism (Crawford and
Hollister, 1986). Fluids are thought to play key role in granulite facies
peak metamorphism, involving the mechanism of infiltration of exter-
nally derived chemically active CO»-rich fluids with low H20 activity
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(Newton et al., 1998; Rajesh and Santosh, 2012; Touret, 2009). The
influx of such fluids, migrating along some fissure or crack and subse-
quently outwards along the mineral grain boundaries of the surrounding
rock, is likely to promote a fluid induced solid-state dehydration
resulting in the breakdown of such hydrous minerals as biotite or
amphibole to form clinopyroxene and/or orthopyroxene (Harlov, 2012).
Occurrence of abundant rutile and zircon inclusions in garnet as
inclusion-rich domains (Fig. 1) might confirm this interpretation. They
are possibly related to the prograde growth of garnet at the expense of
former Ti-bearing phase (probably biotite or amphibole) as described in
Variscan mafic high-pressure granulites showing a P-T path during
subduction-exhumation processes comparable to the Cabo Ortegal
Complex (O'Brien, 2008).

5.4. Method to estimate subduction fluid entrapment

Our study indicates that the application of comprehensive elastic
geothermobarometry can be a useful tool to obtain reasonable entrap-
ment conditions of the coexisting fluid inclusions. Calculation of inclu-
sion strain using the concept of phonon-mode Griineisen tensor (Murri
et al., 2018) and the isotropic method to determine entrapment isomeke
(Angel et al., 2017) allowed to acquire reliable estimates on equilibra-
tion pressure and temperature as proposed by guidelines of Gilio et al.
(2021, 2022), which is also supported by the agreement of chemical (Ti-
in-quartz) with elastic thermometry (Fig. 5). Relying on petrographic
evidences on MFI together with the exhumation history of the area, we
calculated with only minor or negligible effects of resetting of inclusion
pressures after entrapment (Campomenosi et al., 2021, 2022; Cesare
et al., 2021; Ferrero and Angel, 2018; Zhong et al., 2020).

Application of quartz-in-garnet, zircon-in-garnet combined with Ti-
in-quartz thermobarometry to many igneous and metamorphic rocks is
accessible as garnet, quartz, rutile and even zircon are common in many
bulk compositions crystallizing over a wide range of P-T conditions
(Gonzalez et al., 2019). Furthermore, garnet acts as a common host
mineral for fluid and/or melt inclusions together with mineral inclusions
such as quartz =+ zircon in a wide variety of (U)HP-(U)HT metamorphic
rocks from several localities (e.g., Carvalho et al., 2020; Ferrando et al.,
2009; Groppo et al., 2009).

Even though having some direct records of the remnants of super-
critical fluids from (U)HP rocks, represented by multiphase solid in-
clusions (Frezzotti and Ferrando, 2015), they rarely preserve the
original composition as their present-day composition is usually dry
already. An alternative and promising direct way to re-homogenize and
study the nature of (U)HP-(U)HT inclusions at entrapment conditions
could be the application of hydrothermal diamond anvil cell (HDAC)
experiments. Such in situ analyses could be applied successfully on those
inclusions, which are likely to have preserved their original composi-
tion, in particular in terms of HoO content, e.g., multiphase solid in-
clusions from UHP garnet orthopyroxenites of the Maowu Ultramafic
Complex, China (Malaspina et al., 2017) or multiphase solid inclusions
from UHP eclogite of the Sulu terrain, China (Zhang et al., 2008).
However, compared to conventional techniques, experiments with
HDAC provide the outstanding opportunity to observe and study in situ
the behavior of various fluid systems at high P and T (e.g., Li and Chou,
2017), several issues still have to be addressed during homogenization
of multiphase inclusions, such as e.g.: 1) avoid decrepitation with proper
external pressure and heating rate, 2) uncertainty about the possibility
to reverse step-daughter producing fluid-host reactions, 3) overcome
metastability of solid phases. Preliminary P-T estimates measured in
coexisting mineral inclusions using elastic thermobarometry would
make a reliable base to establish experiments with HDAC as requiring no
homogenization of the fluid.

Our findings indicate that elastic thermobarometry on certain min-
eral inclusions may provide reasonable constraint on P-T conditions of
fluid entrapment during subduction zone conditions. The advantage of
the use of Raman spectroscopy is being simple, fast, optically controlled,
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non-destructive (repeatable) (Bodnar and Frezzotti, 2020). Application
of high-resolution 2D and 3D Raman imaging, showing excellent
agreement in volume proportions obtained by means of FIB-SEM ana-
lyses, provide a detailed characterization of inclusions with complex
phase assemblage that is crucial to reconstruct their bulk composition
(Aradi et al., 2022; Carvalho et al., 2020; Spranitz et al., 2022).

All of this implies that it is worth taking the time for a careful check if
(U)HP-(U)HT, likely multiphase fluid inclusions occur together with tiny
(<10 pm) mineral inclusions, such as quartz and/or zircon, as they likely
preserve valuable information about fluid entrapment. The obtained P-T
estimates provide a contribution to the nature and timing of subduction
fluid processes, which is of great importance to better understand sub-
duction zone metamorphism and global element cycling.

6. Conclusions

In this study, we applied elastic thermobarometry and Ti-in-quartz
trace element thermometry on quartz and zircon inclusions in garnet,
trapped together with MFI, in granulite from the Cabo Ortegal Complex.
The major findings of our research are summarized as follows:

e Elastic thermobarometry on quartz and zircon inclusions allowed us
to estimate their entrapment P-T conditions during host garnet
growth without any evidence of resetting. Intersection of the
entrapment isomekes is at a pressure and temperature of 1.8 + 0.2
GPa and 880 + 70 °C, respectively. These values highly likely
correspond to peak conditions of granulite facies metamorphism.
Isopleths calculated from Ti-in-quartz thermometer intersect average
quartz-in-garnet isomeke within the P-T range indicated by the
intersection of quartz and zircon entrapment isomekes thatisP =1.8
+ 0.2 GPa and T = 860 + 70 °C.

The result of the applied two independent approaches of elastic and
trace element thermometry showed good agreement with each other.
The combined use of Ti-in-quartz thermometry validates zircon-in-
garnet elastic thermometry, providing reliable results on entrap-
ment temperature using zircon crystal from Ratanakiri, Cambodia as
a natural reference material.

Quartz and/or zircon crystal inclusions can be commonly entrapped
with fluid inclusions coevally. Our study is a good example how
elastic thermobarometry provides opportunity to calculate not only
the P-T entrapment conditions of crystal inclusion(s), but also those
of subduction fluid. Consequently, such indirect application in fluid
inclusion studies offers an excellent tool to obtain entrapment con-
ditions of inclusions that cannot be re-homogenized and/or experi-
enced partial HyO loss during exhumation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.1ithos.2023.107171.
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